Introduction
Cardiovascular disease is a leading cause of death, with 785,000 cases of new heart attacks (or myocardial infarctions) and 470,000 cases of recurrent heart attacks reported in the US each year. 1 Since a heart attack results in the large-scale loss of cardiac muscle, after a first heart attack, dead heart tissue remains and the subsequent weaker cardiac muscle may lead to additional myocardial infarctions. [2] [3] [4] [5] Because of the above, researchers have been developing numerous biomaterial strategies to regenerate healthy heart tissue in the place of the weakened tissue to alleviate the possibility of a subsequent heart attack. There has been considerable interest in developing injectable scaffolds (such as poly(N-isopropylacrylamide) [PNIPAAM] , collagen, or helical rosette nanotubes), which offer the advantage of avoiding patient-specific scaffold 90 asiri et al prefabrication and highly invasive surgery. 6 PNIPAAM has indeed improved cardiac functions in rabbit infarct models, preserving left ventricle ejection and preventing scar tissue formation, 7, 8 while collagen has thickened the infarcted wall and enhanced angiogenesis. 9, 10 However, noninjectable cardiac patches also have their own distinct advantages, because with injectables, one has to be concerned with developing materials with quick solidification times to avoid permeation of the injectable throughout the body (which could cause toxic responses). Thus far, though, most injectable and noninjectable cardiac scaffolds developed by researchers have been nonconductive and non-anisotropic, such as those mentioned earlier, yet heart tissue is highly conductive and highly anisotropic (ranging from 0.16 S/m [longitudinal] to 0.005 S/m [transverse]). 11 Along these lines, we previously reported that anisotropic cardiac patches composed of carbon nanofibers (CNFs) aligned in PLGA promoted cardiomyocyte density for up to 5 days in culture ( Figure 1) . 12 Further, we demonstrated similar anisotropic mechanical and electrical properties of CNFs aligned in PLGA compared to CNFs randomly aligned in PLGA and pure PLGA, which may have led to significantly greater cardiomyocyte density on such composites. 12 Specifically, the vertical (or longitudinal) conductivity increased from 0.075 S/m to 0.1 S/m and the transverse (or horizontal) conductivity decreased from 0.075 S/m to 0.0025 S/m for the CNFs randomly oriented compared to aligned in PLGA, respectively. 12 Tensile tests also provided additional evidence of the superior mechanical properties of CNFs aligned in PLGA because previous results had Figure 1 Previously fabricated CNFs aligned in PLGA that have shown greater cardiomyocyte density than both CNFs randomly oriented in PLGA and pure PLGA. Notes: SEM images showing the distribution of CNF in the PLGA matrix at 50:50 wt% at (A) random orientation and (B) aligned orientation to mimic the natural anisotropy of cardiac tissue. (C) AFM line scan of the 50:50 CNF:PLGA aligned composite, demonstrating micrometer-scale alignment of the CNFs on the PLGA surface. AFM scans for the randomly oriented CNFs in PLGA matched that of the CNF patterned region. Scale bars =20 µm. Abbreviations: AFM, atomic force microscopy; CNFs, carbon nanofibers; Cx43, Connexin-43; PLGA, poly(lactic-co-glycolic acid); α-SCA, α-sarcomeric actin; cTNT, Troponin-T. 
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Cardiomyocyte functions on aligned and random carbon nanofibers in PLGA shown that the Young's modulus was 5.05 MPa compared to 7.90 MPa in the vertical direction and 4.96 MPa compared to 2.14 MPa in the horizontal direction for the CNFs randomly oriented versus aligned in PLGA. 12 Moreover, the elongation at break was 10.1% compared to 4.1% in the vertical direction and 11.3% compared to 14.8% in the horizontal direction for the CNFs randomly oriented versus aligned in PLGA. 12 Compared to native cardiac heart tissue, the composites had better (stiffer) mechanical properties, with the former being elastomeric with a stiffness of approximately 50-100 kPa during diastole. [13] [14] [15] [16] [17] However, the modulus of active myocardium during systole is approximately 20-fold higher, which more closely resembles the aligned CNF in PLGA composites. [13] [14] [15] [16] [17] Despite the above promise shown by CNFs aligned in PLGA for cardiovascular applications, a fundamental understanding of greater cardiomyocyte densities on CNFs aligned in PLGA has not been elucidated to date. 12 For these reasons, the objective of the present in vitro study was to determine the material properties of the CNFs aligned in PLGA that may be mechanistically responsible for the enhanced cardiomyocyte functions. In this paper, "functions" refers to the greater expression of proteins involved in cardiomyocyte functions (such as contractility, signaling, etc) and not those actual functions which will be the focus of future studies.
Materials and methods

PLGA:CNF fabrication
The PLGA:CNF composites were fabricated as previously described. 12 Since the 50:50 wt% CNF in PLGA composites in our prior studies resulted in the best cardiomyocyte functions, this composition was selected here. 18, 19 Thus, PLGA composites (0.025 g/mL; 50:50 PLA:PGA wt% [Polysciences, #23986, USA]) were created by first diluting tetrahydrofuran (THF; Mallinckrodt Chemicals, #C45763, USA) and sonicating the PLGA pellets in THF in a water bath (VWR B3500A-DTH, USA) below 30°C for 30 minutes. Five-hundred milligrams of CNFs (99.9% by weight%, Catalytic Materials, USA) with a diameter of 100 nm and 100 µm long was sonicated (Misonix Sonicator Next, the substrate was immersed in 100% deionized water and shaken for 10 minutes. Using a disposable pipette (Fisherbrand, #13-711-9AM, USA), 1 mL of the PLGA:CNF composite solution was placed on the glass substrate, which was then placed in an oven at 42°C for 15 minutes to cure. Each composite film was then vacuum-dried (Shel Lab, USA) at 20 in of Hg vacuum for 48 hours to allow the THF and chloroform to evaporate. Similar experiments were conducted for controls (without CNFs). All the samples were sterilized with ultraviolet light exposure for 24 hours prior to cell experiments.
To create aligned CNFs in PLGA, a similar process to that described above was followed, except that the PLGA:CNF composites in solution were exposed to 20 V after being placed on a coverslip and were then allowed to cure (which took approximately 24 hours). This resulted in the CNFs being aligned in the PLGA. Moreover, after solidification, micropatterns of CNFs were created on the PLGA surface by placing Au-coated grids with grooves (width 20 µm, catalog no 2422G-XA, SPI Supplies, West Chester, PA, USA) on top of the PLGA coating on the coverslips. The CNF-containing PLGA solution was then placed into the grooves of the Au grid by a micropipette. The grid with imbedded CNFs on top of the PLGA-coated glass was then placed in a vacuum oven for 48 hours, after which the Au grid was removed and the substrate rinsed with deionized water, thus creating microscale patterns of CNFs on the PLGA surface.
For the immunofluorescently stained samples (experiments to be described below), for the ease of experimentation, CNF aligned regions 200 m in diameter on PLGA were created.
Material characterization contact angle tests
As an estimation of wettability, contact angle measurements were made on the substrates of interest to the present study using a Krüss EasyDrop system (model DSA20S) with the Krüss static and dynamic contact angle software (SW4001). Drops for contact angle measurements were created by dropping 3 µL of distilled water on the composites, and the angle between the surface and the water droplets was measured. Six measurements were made on each sample, which were further repeated thrice.
Protein adsorption tests
Because of the correlation between surface wettability and protein adsorption, protein adsorption on the samples of interest to the present study was evaluated using the wellestablished laminin, fibronectin, and vitronectin (all proteins known to mediate the adhesion of cardiomyocytes) enzymelinked immunosorbent assay (ELISA). All samples were 
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Cardiomyocyte functions on aligned and random carbon nanofibers in PLGA rinsed with phosphate-buffered saline (PBS; solution containing 8 g NaCl, 0.2 g KCl, 1.5 g Na 2 HPO 4 , and 0.2 g KH 2 PO 4 in 1,000 mL deionized water adjusted to a pH of 7.4; all chemicals from Sigma-Aldrich) three times. One milliliter of cardiomyocyte growth medium (Celprogen, #M36044-15S, USA) with 10% fetal bovine serum (FBS, Thermo Scientific, #SH30109, USA) was added to each well and incubated under standard conditions (5% CO 2 /95% humidified air and 37°C) for 1 hour. The medium was then aspirated, and the samples were rinsed twice with PBS. The samples were blocked by adding 500 µL of a 2% bovine serum albumin (BSA) solution (BSA and PBS solution mix) for 1 hour onto the samples, which were then rinsed twice with PBS. Five-hundred microliters of the first antibody (fibronectin [Chemicon, #AB19014, USA]) containing solution (3 µg of the antibody in 500 µL of a 1% BSA solution) was added to each sample, which was then incubated for 1 hour under standard conditions. After 1 hour, the antibody solution was aspirated and rinsed with 0.05% Tween ® 20 (Sigma Aldrich, #P1379-25ML, USA) solution three times while shaking (using a table shaker) for 5 minutes. After the last Tween ® 20 aspiration, 500 µL of a goat anti-rabbit secondary antibody conjugated with a horseradish peroxidase (Bio-Rad, #170-6515, USA) solution (5 µL of the secondary antibody in 500 µL in 1% BSA solution) was added to each well and incubated for 1 hour. Then, the secondary antibody was aspirated and rinsed three times with 0.05% Tween ® 20 while shaking (using a table shaker) for 5 min. Five-hundred microliters of 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) (Vector Labs Inc, Burling Game, CA, USA, #SK-4500) was added to each well and incubated at room temperature in the dark for 20 minutes, while 200 µL of each sample was read at 405 nm using a spectrophotometer. This was also performed for vitronectin and laminin (Chemicon International, Temecula, CA, USA; #AB2047 and #AB2068, respectively) as primary antibodies using the same process described above for fibronectin.
cardiomyocyte functions
To correlate the above trends in wettability and initial adsorption of proteins important for cardiomyocyte functions on the substrates of interest to the present study, experiments with cardiomyocytes were also conducted. For this, cardiomyocytes were immunofluorescently stained for cardiomyocytespecific biomarkers: connexin-43 for gap junction channels (Cx43), α-sarcomeric actin (α-SCA) for cardiac myocytes, and troponin T (cTNT) for contractile myocytes. 20 Cx43 is a protein present in the gap junctions between caromyocytes that mediate intercellular signaling and conduct electrical impulses. 21 α-SCA is found only in cardiomyocyte-α skeletal and α-cardiac muscle actin. 22 Troponin T mediates cardiomyocyte contractibility as part of the troponin complex, which binds to thin myofilament actin.
Human cardiomyocytes (Celprogen, Torrance, CA, USA; #36044-15, USA) were cultured in complete growth media (Celprogen, #M36044-15S) supplemented with 10% fetal bovine serum (Thermo Scientific, Waltham, MA, USA; #SH30109) and 1% penicillin/streptomycin (Fisher Scientific, Waltham, MA, USA; #BP2959-50). Cells were seeded (5×10 4 cells) onto the samples of interest to the present study in 12-well human cardiomyocyte stem cell culture extracellular matrix plates (Celprogen; #E36044-15-12 Well) for 120 hours. The medium was then removed, and cell cultures were rinsed twice with PBS. Cells were fixed for 15 minutes with 1 mL of 10% formalin acetate (Fisher Scientific, #SF99-20, USA) permeabilized with 0.2% Triton X-100 (Sigma-Aldrich, St Louis, MO, USA; #X100-1L) diluted in PBS for 5 minutes, and blocked with an Image-iT FX signal enhancer (Invitrogen, Waltham, MA, USA; #I36933) for 30 minutes at room temperature with two PBS wash steps in between each process. Primary rabbit polyclonal antiCx43 (Abcam, Cambridge, MA, USA; #ab11370), mouse monoclonal anti-sarcomeric-α actin (Abcam, #ab9465), and rabbit polyclonal anti-cardiac troponin T (Abcam, #ab45932) antibodies were used at a dilution of 1:400 in PBS exposed to the cells for 1 hour at room temperature. Secondary AlexaFluor488 conjugated goat anti-mouse IgM (Invitrogen, #A-21042) and anti-rabbit IgG (Invitrogen, #A-21206) were diluted 1:600 in PBS and incubated with the cells for 60 minutes at room temperature. The nucleus was visualized using a diamidino phenylindole dilactate (DAPI) (Molecular Probes ® , Eugene, OR, USA; #D1306) stain at a 1:30 dilution for 15 minutes at room temperature. Samples were then mounted with ProLong Gold Antifade (Invitrogen, #P36930, USA) and imaged using a fluorescence microscope (Zeiss, Axiovert 200M, Berlin, Germany) with the ImageJ software (National Institutes of Health, USA) to quantify fluorescence. Images were converted to an 8-bit color scheme, then adjusted to a red/black threshold, and analyzed with the particle analysis tool to measure protein color concentration and compared to the total area of the image. This was done for all DAPI, cTNT, Cx43, and α-SCA stains.
Data and statistical analysis
All experiments were performed in triplicate with three repeats each. Differences between means were determined International Journal of Nanomedicine 2015:10 submit your manuscript | www.dovepress.com
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asiri et al using ANOVA followed by Student's t-test. A P-value of 0.01 was considered to be significant.
Results
Material characterization
Previously published results demonstrated aligned patterns of CNFs in PLGA when following the procedures mentioned above (Figure 1) . 12 For the randomly oriented CNFs in PLGA composites, CNFs were uniformly dispersed within the PLGA matrix ( Figure 1A) . However, as expected, for the aligned CNFs in PLGA, CNFs appeared in wellaligned 20 µm patterns on PLGA, as further confirmed by the associated atomic force microscopy (AFM) line scan ( Figure 1B and C) . AFM scans for the randomly oriented CNFs in PLGA matched that of the CNF patterned region and, thus, are not shown.
PLGA:CNF material properties Wettability
Results of this study confirmed the different wettability properties between CNFs and PLGA, with CNFs demonstrating significantly greater hydrophobicity or lower surface energy than PLGA (Table 1) . Thus, it can be expected that when creating linear patterns of CNFs in PLGA, different wettability properties were presented to alter the initial protein interactions and subsequent cardiomyocyte functions, as discussed next. It is fully expected that the slightly more hydrophobic proteins would adsorb on the more hydrophobic CNF regions than the less hydrophobic PLGA regions.
Protein adsorption
Results of this study correlated the decrease in surface energy for the CNFs compared to PLGA to the increased adsorption of fibronectin, laminin, and vitronectin after 1 hour (Table 2) . While some studies have reported greater adsorption of these proteins on substrates with greater surface energy (ie, increased hydrophilicity), 23 it appears that the surface energy of CNFs relative to PLGA provided a milieu appropriate for increasing the adsorption of fibronectin, laminin, and vitronectin.
cardiomyocyte functions
Lastly, the results from this study demonstrated for the first time that the greater hydrophobicity of CNFs compared to PLGA, which promoted the adsorption of fibronectin, laminin, and vitronectin, led to increased cardiomyocyte functions. Specifically, after 120 hours of culture, greater numbers (as demonstrated by greater DAPI area fraction staining) were observed for CNFs aligned in PLGA compared to CNFs randomly oriented in PLGA, which were both greater than those in pure PLGA (Figures 2 and 3) . Moreover, the cardiomyocytes were viable and active, as demonstrated by the greater positive staining for cTNT, Cx43, and α-SCA. In fact, these specific markers for cardiomyocyte functions were greater when cultured on CNFs aligned in PLGA compared to CNFs randomly oriented in PLGA, which were both greater than those for pure PLGA after 120 hours (Figures 2 and 3) . Lastly, results of this study showed greater normalized protein expression important for cardiomyocyte functions per cell number (determined using the aforementioned DAPI staining) on the aligned CNFs in PLGA compared to CNFs randomly oriented in PLGA, thus providing additional evidence of promoted cardiomyocyte functions on these novel substrates (Table 3) .
Discussion
The myocardium is naturally conductive, contributing to the contraction of the heart as electrical signals are transmitted from the sinoatrial node to the atrioventricular node. After a heart attack, the conductivity of the myocardium is reduced as a result of cardiac tissue damage, which affects the transmission of signals and consequently contraction of the heart. Not surprisingly, because of this relationship between conductivity and the myocardium, Pedrotty et al showed that cardiac-like electrical stimulation increases myoblast proliferation. 24 Despite this knowledge (known for centuries), few materials proposed to heal heart tissue damaged after a heart attack are conductive. In the present study, PLGA composites with CNFs also promoted cell numbers. Of course, a reason may be that the introduction of CNFs increased the conductivity of the PLGA composites closer to that of the heart tissue. 12, 18, 19 Previous studies have also demonstrated that CNFs when added to PLGA improved mechanical properties to more closely match that of myocardial tissue. 12, 18, 19 This study, thus, continues the promising work showing that CNFs could be added to nonconductive materials to impose conductivity (and mechanical) properties important for promoting cardiomyocyte functions. 12, 18, 19 In addition to conductivity, CNFs can also mimic the dimensions of natural proteins, such as collagen, providing a more natural nanoscale roughness for myocardial tissue growth. Stout et al demonstrated that PLGA:CNF composites (when randomly oriented) promoted the growth of both cardiomyocytes and neurons. 19 A potential problem with the use of CNFs in regenerative medicine, however, is their unknown toxicity. For example, while Kisin et al reported that CNFs induced genotoxicity when exposed to lungs, 25 no studies have investigated the toxicity of CNFs for myocardial applications. 26 Clearly, such studies would have to be conducted before CNFs are further considered for cardiovascular applications.
However, one additional fact concerning the conductivity of heart tissue is that such conductivity is anisotropic, ranging from 0.16 S/m longitudinally to 0.005 S/m transversely. 11 Thus, this study, for the first time, examined the influence of aligned CNFs versus randomly oriented CNFs in PLGA. In doing so, it was identified that, when emulating the anisotropic electrical properties of heart tissue by aligning CNFs in PLGA, further improvements in cardiomyocyte functions can result. Building on these exciting functions, an additional objective of this study was to determine the mechanism by which cardiomyocytes were improved on CNFs aligned in PLGA. To do this, we examined surface wettability and initial protein adsorption events important for mediating cardiomyocyte functions. Results of this study demonstrated that, in addition to simulating the electrical and mechanical properties of heart tissues, the CNF aligned regions in PLGA were more hydrophobic than PLGA to increase the adsorption of critical proteins that mediate cardiomyocyte functions, such as fibronectin, laminin, and vitronectin. Thus, in addition to biologically inspired electrical and mechanical properties, the ability of CNFs to increase the adsorption of fibronectin, laminin, and vitronectin is yet another reason for increased cardiomyocyte functions including cTNT, Cx43, and α-SCA. The correlation between the surface energy of CNFs and further promoting the initial adsorption of these proteins should be the focus of future studies, which can continue to capitalize on such relationships to create even better cardiovascular tissue regenerative materials.
Conclusion
The objective of the present in vitro study was to provide a mechanistic understanding of why cardiomyocyte densities are greater on CNFs aligned in PLGA compared to randomly oriented CNFs in PLGA and pure PLGA. Results showed lower wettability (greater hydrophobicity) of CNFs embedded in PLGA compared to pure PLGA, thereby increasing the adsorption of fibronectin, laminin, and vitronectin (all proteins known to increase cardiomyocyte adhesion). Results of the present in vitro study further confirmed increased cardiomyocyte functions by demonstrating greater expression of important cardiomyocyte biomarkers (such as cTNT, Cx43, and α-SCA) when cardiomyocytes were cultured on CNFs aligned in PLGA compared to randomly oriented in PLGA. In summary, this study provided evidence that cardiomyocyte functions are improved on CNFs aligned in PLGA compared to randomly oriented, since CNFs are more hydrophobic 
